Introduction
Following the first description of the isolation of putative progenitor endothelial cells for angiogenesis by Asahara in 1997 (1), increasing evidence has indicated that bone marrowderived circulating endothelial progenitor cells (EPCs) are involved in the process of vasculogenesis. These EPCs were considered to be originated from hematopoietic stem cells, which are positive for CD133 and the vascular endothelial growth factor receptor 2 (KDR) in the early stage.
The integrity and functional activity of the endothelial monolayer play a critical role in atherosclerosis. Risk factors such as hypertension, smoking, or diabetes function through a final common pathway potentially involving oxidative injury to endothelial cells. These processes can lead to the formation of atherosclerotic lesions, plaque rupture, and finally myocardial infarction (2) . Recent studies suggest that the injured endothelial monolayer is regenerated by circulating bone marrow-derived EPCs (3). However, risk factors reduce the number and functional activity of these circulating EPCs (4) . The impairment of EPCs by risk factors may contribute to atherosclerotic disease progression.
The results of our preliminary experiment indicated that the number of circulating EPCs was lower in patients with coronary artery disease (CAD) than their age-matched controls. This is in agreement with the results of Vasa et al. (4) . However, whether the number and activity of circulating EPCs is correlated with the severity of coronary stenosis has not been determined. The present study measured the number and activity of circulating EPCs in patients with stable CAD to examine if there is a relationship between EPCs and angiographically determined severity of coronary artery stenosis, as well as cardiovascular risk factors.
Methods
All experiments in this study were approved by the ethical committee of the Shanghai Institute of Hypertension and conducted in accordance with the Declaration of Helsinki. All subjects provided their informed written consent prior to participation.
Study Subjects
One hundred and four consecutive patients with chest pain and ST-T changes regarded as definite or probable stable angina pectoris were admitted to the Cardiology Department of Ruijin Hospital Shanghai, P.R. China. All patients underwent coronary angiography after admission. Patients with malignant disease, peripheral vascular disease, proliferative retinopathy or recent (< 2 months) acute coronary syndrome, myocardial infarction, inflammation, bleeding or blood transfusion were not included in the study, since these conditions and procedures could have influenced the number of EPCs. Pre-menstrual women were excluded from this study. None of the patients had been treated with statins or erythropoietin in the preceding 2 months.
Participants underwent physical examination and blood tests to assess cardiovascular risk factors including age, gender, body mass index (BMI), smoking and alcohol drinking 
Definition of Risk Factors for CAD
The patients' characteristics were obtained from medical records with regard to history of hypertension, hypercholesterolemia, diabetes, alcohol consumption and smoking.
Patients with a systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg (JNC 7 definition) or current use of antihypertensive medication or use of antihypertensive medication for more than 1 year were categorized as hypertensive. Hyperlipidemia was defined as a total cholesterol concentration exceeding 5.7 mmol/l, or the current use of lipid-lowering drugs, and diabetes mellitus was defined using the American Diabetes Association criteria. Height and weight were measured, and BMI (kg/m 2 ) was calculated.
Determination of Left Ventricular Mass from Echocardiography
Calculations of left ventricular mass (LVM) were done echocardiographically using a Hewlett Packard ultrasound instrument with a 2. 
Coronary Angiography
Coronary angiography was performed using the Judkins approach. Quantitative coronary angiographic (QCA) analysis was performed by an independent laboratory, and significant coronary stenosis was defined as a decrease in luminal diameter of greater than or equal to 50% in one or more of the major epicardial coronary arteries or their primary branches 
Determination of the Severity of Coronary Atherosclerosis
The severity of coronary stenosis in the patients was estimated by the number of affected vessels (> 50% of luminal diameter) and the coronary score of Gensini (6) . The Gensini system scores the narrowing of the coronary artery lumen as follows: a score of 1, 1-25% narrowing; 2, 26-50% narrowing; 4, 51-75% narrowing; 8, 76-90% narrowing; 16, 91-99% narrowing; and 32, total occlusion. The score is then multiplied by a factor that incorporates the importance of the lesion's position in the coronary arterial tree: for example, 5 for the left main coronary artery, 2.5 for the proximal LAD or LCX, 1.5 for the mid LAD, and 1 for the distal LAD or middistal LCX.
Determination of the Serum Concentrations of High Sensitivity C-Reactive Protein, Intercellular Adhesion Molecule-1 and Vascular Cell Adhesion Molecule Type-1
Serum concentrations of high sensitivity C-reactive protein (hs-CRP) were determined by particle-enhanced immunonephelometry using the N High Sensitivity CRP Reagent (Dade Behring Inc., Marburg, Germany). This assay has a sensitivity limit of 0.175 mg/l.
Serum concentrations of intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule type-1 (VCAM-1) were determined by the ELISA technique using sICAM-1 and sVCAM-1 ELISA kits (DIACLONE, Besançon, France) according to the manufacturer's instruction. The sensitivity limit was 8 ng/ml for ICAM-1 and 0.6 
Flow Cytometry Studies
Before coronary angiography, a Judkins catheter was introduced via the femoral artery to obtain blood samples. One hundred and fifty microliters of whole blood treated with heparin as an anticoagulant was incubated for 30 min in the dark with APC-labeled monoclonal antibody against human KDR (R & D, Minneapolis, USA) and the PE-labeled monoclonal antibody against human CD133 (MACS, Bergisch Gladbach, Germany). Isotype-identical antibodies IgG1-PE and IgG1-APC (Becton Dickinson, Franklin Lakes, USA) served as controls. The analysis was done using a FACSCalibur flow cytometer with CellQuest software (BD Pharmingen, San Diego, USA). The viable lymphocyte population was analyzed and each analysis included 60,000 events. The cell surface expression of KDR was determined by flow kilometric analysis using 620-650 nm wavelength laser excitations and monitoring emitted fluorescence with a detector optimized to collect peak emissions at 660-670 nm, and the cell surface expression of CD133 was determined using 488/575 nm excitation and emission wavelengths.
EPCs Culture Assay
Mononuclear cells (MNCs) were isolated by density-gradient centrifugation with ficoll from 10 ml of peripheral blood in 93 patients. Immediately after isolation, 1 × 10 7 mononuclear cells were plated on 6-well culture dishes coated with human fibronectin (BD Biosciences, San Jose, USA) and maintained in endothelial basal medium supplemented with EGM SingleQuotes and 10% FCS (Cambrex, Rome, Italy). After 4 days in culture, nonadherent cells were removed by a thorough washing with PBS. The culture was maintained through day 7, and adherent cells were subjected to cytochemical analysis.
Characterization of EPCs
Fluorescent chemical detection of EPCs was performed on attached MNCs after 7 days in culture. Direct fluorescent staining was used to detect dual binding of FITC-labeled Ulex europaeus agglutinin (UEA)-1 (Sigma, St. Louis, USA) and 1,1-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine (DiI)-labeled acetylated low-density lipoprotein (ac-LDL; Molecular Probe Co., Eugene, USA). Cells were first incubated with ac-LDL at 37°C and later fixed with 2% paraformaldehyde for 10 min. After being washed, the cells were reacted with UEA-1 (10 mg/l) for 1 h. After the staining, samples were demonstrated by laser scanning confocal microscope (LSCM; Leica, Mannheim, Germany). Cells demonstrating doublepositive fluorescence were identified as differentiating EPCs.
Migration Assay
Isolated EPCs were detached using 0.25% tyrosine, harvested by centrifugation, resuspended in endothelial growth medium-2 (EGM-2), and counted. Transwell migration assays were performed in in 24-well culture dishes with Costar Transwells (6.5-mm diameter, 8-μm pore size; Corning Costar, Cambridge, USA). EPCs (2 × 10 4 ) were added to the upper chamber and 0.6 ml EGM with human recombinant VEGF (50 ng/ml) (Peprotech EC, London, UK) was added to the bottom chamber. After 24 h incubation at 37°C, the lower side of the filter was washed with PBS and fixed in 70% ethanol at 4°C. For quantification of migrated cells, cells were stained with hematoxylin and eosin. Migrated cells in the lower chamber were counted manually in 5 random microscopic fields.
Adhesion to Fibronectin
Fibronectin (100 μg/ml) was coated onto 24-well plates and left for 2 h at 37°C, and 1 × 10 5 EPCs were added to each well and left to attach for 30 min. Nuclei of adherent cells were stained with hematoxylin. Attached cells were counted manually in 5 random microscopic fields.
Statistical Analysis
Data are expressed as the means±SD. We used a natural logarithm transformation of hs-CRP (ln hs-CRP) to meet the demands of normal frequency distribution. One-way ANOVA was used to compare the mean values of variables among the three groups of patients with different numbers of stenosed coronary vessels, whereas χ 2 was used to compare proportions. Multivariate stepwise regression analysis was used for data analysis of the relation between various risk factors and the number of CD133/KDR double-positive cells. The interaction between the number of CD133/KDR doublepositive cells and either inflammatory factors or severity of coronary stenosis was examined by partial correlation or analysis of covariance adjusted for age, gender and BMI. The relation between functional activity of EPCs and severity of coronary stenosis was estimated by partial correlation or analysis of covariance adjusted for age and gender. Values of p< 0.05 were considered significant.
Results

Clinical Characteristics of Patients
A total of 104 patients with proven or clinically suspected CAD (mean age, 63.9±10.6 years; 74% men) were enrolled. Table 1 summarizes the characteristics of patients classified according to the number of diseased coronary arteries. Group I comprises 44 patients (61.5±9.98 years) with angiographically normal coronary arteries, group II included 35 patients with single vessel disease (63.03±10.01 years), and group III consisted of the remaining 25 patients (64.60±10.48 years) with multiple vessel disease. There were no differences in age, BMI, hypertension, current smoking status, family history of CAD, LVMI, plasma fasting glucose or serum lipid levels among the three groups, but significant differences in gender, diabetes, alcohol drinking status and creatinine clearance (Ccr) were found.
Risk Factors and hs-CRP Levels as Predictors of EPCs Number
A multivariate regression model was constructed to examine the relationships between the number of CD133/KDR double-positive cells and the risk factors. Age (p= 0.001), hs-CRP (p= 0.012), hypertension (p= 0.042) and family history of coronary artery disease (p= 0.043) were finally selected as independent predictors of the EPCs number (Table 2) . Risk factors such as gender (p= 0.476), diabetes (p= 0.773), smoking (p= 0.512), alcohol consumption (p= 0.903), plasma fasting glucose (p= 0.581), serum total cholesterol (p= 0.669), (Fig. 1b) . The Gensini scoring system assigned a higher score to proximal lesions than to distal lesions, so the severity of coronary stenosis was further defined by the Gensini score. The partial correlation coefficients adjusted for age, gender and BMI were obtained to evaluate the correlations between Gensini score and the number of CD133/KDR double-positive cells as well as serum hs-CRP and adhesion molecules. Significant partial correlation coefficients were noted between angiographic Gensini score and CD133/KDR double-positive cells (n= 60, r= −0.355, p= 0.006) (Fig. 2a) , and ln normalized hs-CRP (n= 49, r= 0.476, p= 0.001) (Fig. 2b) .
EPCs, hs-CRP and Risk Factors as Predictors of CAD
By multiple stepwise (backward) regression analyses, a reduced number of CD133/KDR double-positive cells and ln normalized hs-CRP remained independent predictors of a high Gensini score (Table 4) .
There were no significant differences in the serum levels of ICAM-1 and VCAM-1 among the three groups, and there were no correlations between Gensini score and serum levels of ICAM-1 and VCAM-1 (data not shown).
EPCs Characterization
MNCs isolated and cultured for 7 days formed distinct colonies and exhibited endothelial characteristics including positivity for DiLDL-uptake and lectin binding by using LSCM (Fig. 3) . 
Migratory Capacity of EPCs and Severity of Coronary Stenosis
The migratory function of EPCs in response to VEGF, which is believed to be important during neovascularization, was evaluated using a transwell insert. As illustrated in Fig. 4 , the migratory capacity of EPCs was compromised in patients with a single diseased artery (Group II, n= 27, p< 0.05 vs. Group I) and in those with multiple diseased arteries (Group III, n= 28, p< 0.01 vs. Group I) as compared with patients with angiographically normal coronary arteries (Group I, n= 38). Moreover, the migratory capacity of EPCs was inversely correlated with the angiographic Gensini score (n= 55, r= −0.315, p= 0.021).
Adhesive Capacity and Severity of Coronary Stenosis
EPCs isolated from patients with CAD (n= 55) revealed an impaired adhesive activity compared to those from patients with normal coronary arteries (n= 38, p< 0.05), while no significant correlation was found between adhesive function and angiographic Gensini score (n= 55, r= −0.196, p= 0.159).
Discussion
In the present study we measured the number and angiogenic activity of circulating EPCs in order to assess the relation between EPCs and the severity of coronary stenosis in patients with stable CAD.
The level of circulating EPCs in blood samples can be directly quantified by low cytometry measurement of the percentage of CD133/KDR double-positive or CD34/KDR double-positive cells. Unlike the progenitor marker CD34, CD133 is not expressed on mature endothelial cells (7); therefore, CD34/KDR double-positive cells also represent shedded cells of the vessel wall, whereas CD133/KDR doublepositive cells more likely reflect immature progenitor cells.
The results of the present study demonstrated that the number of circulating EPCs, as measured by the number of CD133/KDR double-positive cells, was lower in patients with double or triple vessel disease than in those with single vessel disease. In addition, the number of EPCs was inversely correlated with the angiographic Gensini score. In our study, the severity of coronary stenosis was assessed by the number of diseased coronary arteries or by angiographic Gensini score, and both of the results demonstrated correlations between the number of EPCs and coronary stenosis. A previous study by Vasa et al. (4) suggested that the number of peripheral blood EPCs was significantly reduced in patients with CAD compared with control subjects. These results are in agreement with those of the present study, although the earlier study employed only a small group of patients and did not investigate the correlation between the number of circulating EPCs and the severity of CAD. Normal endothelium is indispensable for the regulation of vascular tone and maintenance of vascular homeostasis. The presence of endothelial dysfunction reflects a specific atherogenic vascular milieu, which is associated with perfusion abnormalities and cardiovascular events (8) . Given that several experimental studies have indicated that bone marrow-derived EPCs contribute to the neovascularization of ischemic tissue in adults (9, 10) , the reduction in the number of circulating EPCs might contribute to reduced endothelial repair. On the other hand, chronic endothelial damage may result in the continuous exhaustion of circulating EPCs. In this study we did not perform experiments to differentiate the mechanisms by which the number of EPCs was reduced in CAD. Potential impairments in the production, mobilization or half-life of EPCs or continuous exhaustion of circulating EPCs in patients with coronary artery disease should be investigated in future studies.
Another important finding of our study is that the number of CD133/KDR double-positive precursor cells was inversely correlated with the serum level of CRP. A positive correlation between the CRP concentration and number of EPCs was previously reported in a clinical study by George et al. (11) . Their study also employed patients with unstable angina, and their results suggested that, in acute coronary syndrome, chemokines such as VEGF may be released and EPCs may be transiently mobilized from bone marrow. Verma et al. demonstrated in an in vitro experiment that CRP significantly reduced the number of EPC cells, inhibited the expression of endothelial cell-specific markers, significantly increased EPC apoptosis, and impaired EPC-induced angiogenesis (12) . Moreover, Suh et al. reported that CRP directly inhibits the angiogenic activity of EPCs and decreases the secretion of various arteriogenesis-related chemo-cytokines (13) . The present study is the first to demonstrate in a clinical setting that serum CRP concentrations were independently correlated with the number of EPCs in patients with stable angina pectoris. The results of our study further confirm the effects of CRP The present study also confirms previous findings that the number of circulating EPCs correlates with conventional cardiovascular risk factors such as age, hypertension and family history of CAD. There are controversial findings regarding the correlation between individual risk factors and EPCs. In the study by Vasa et al. (4) , smoking and LDL-cholesterol were found to be correlated with the number of EPCs, a finding in contradiction to the present research. In another study by Schmidt-Lucke et al. (14) , age and a positive family history of CAD were found to be the only independent predictors of a reduced number of EPCs. Possible reasons for these discrepancies may include differences in the study subjects and surface markers of EPCs. In the present study, patients with acute coronary syndrome were excluded so that acute tissue ischemia (hypoxia) and neovascularization might be avoided. Secondly, some of the difference in results may be attributable to differences between ethnic groups, since our study included only Chinese subjects. Finally, when EPCs are quantified as CD34/KDR double-positive cells as in the previous study, they are likely to include shedded cells of the vessel wall, whereas when they are quantified as CD133/KDR double-positive cells as in the present study, they are more likely to reflect immature progenitor cells. The mechanisms by which risk factors reduce the number of circulating EPCs remain to be determined. It has been reported that cardiovascular risk factors may also lead to endothelial dysfunction. Therefore, it may be speculated that conventional risk factors not only participate in the endothelial injury but also play a role in the impairment of endothelial progenitor cells, thereby advancing the process of atherosclerosis.
Taking these results together, we speculate that either traditional risk factors or CRP may reduce the number of functional EPCs in the blood stream, thereby leading to endothelial dysfunction and the acceleration of atherosclerotic lesioning.
Given the low numbers of circulating EPCs, chemoattraction may be of utmost importance to the recruitment of reasonable numbers of progenitor cells to the ischemic or injured tissue. Among all the growth factors, VEGF is the most critical for vasculogenesis and angiogenesis, and recently collected data indicate that VEGF is an important factor for the migration of circulating EPCs (15) . Our data suggest that the migratory capacity of EPCs was compromised in patients with a single diseased artery and those with multiple diseased arteries as compared with patients with angiographically normal coronary arteries. Moreover, the migratory capacity of EPCs was inversely correlated with the angiographic Gensini score in patients with stable CAD. The adhesion assays provide insight into the mechanism by which EPCs function in vivo, which has been shown to involve extension into the interstitium (cell-matrix adhesion) (16) . In this study, the ability of EPCs to adhere to fibronectin was significantly lower in patients with CAD. However, there was no significant correlation between adhesive function and angiographic Gensini score.
In summary, a reduction in the number and functional impairment of EPCs might contribute to the reduction in endothelial repair in patients with coronary artery disease. Because of the strong relationship between the severity of CAD and EPCs in the blood stream, we speculate that one cause of CAD might be an increasing inability of these EPCs to keep up with the endothelial damage.
One limitation of the present study was the lack of followup on the participants, which prevented us from examining the association between EPCs and the development of atherosclerosis. Moreover, the number of patients included was not sufficient to evaluate the relationship between EPCs and risk factors; a future study with a larger cohort will be needed. Finally, the functional activity of EPCs was tested in vitro, and the results of this analysis may not necessarily correlate well with the in vivo response. The direct mechanism of the correlation requires further investigation.
